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Abstract: The rotated quasi-orthogonal space-time block code (RQSTBC) for asynchronous
cooperative diversity is proposed in this paper. The source selects half of the symbols from
a signal constellation set and the other half of them from that constellation rotated with the
optimum angle. Meanwhile, it constructs orthogonal frequency division multiplexing
(OFDM) frames to counterbalance time delays of the signals. Then, relays create the
frequency domain quasi-orthogonal space-time block transmitted signals matrix in such a
way that its items are staggered to take on the Jafarkhani code structure or time-reversion
of it. These three stages let the received signals at the destination take on RQSTBC
structure with diversity order 4, which results in the fast symbol-pair-wise maximum
likelihood (ML) decoder. Simulation results have shown that the proposed scheme
outperforms the other asynchronous cooperative diversity schemes considered in this paper.

Keywords: asynchronous cooperation diversity; rotated quasi-orthogonal space-time block
code; time-reversion; orthogonal frequency division multiplexing

1. Introduction

Though multiple transmit antennas and receiver antennas at nodes would lead to substantial gains in
channel capacity and robust abilities to combat with different kinds of interference over a scattering-
rich wireless environment, constrained by the space complexities, it is impractical for nodes in ad hoc
networks or distributed large scale wireless networks [1]. Meanwhile, the communication between the
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nodes accomplished by a single hop is severely affected by fading, path loss, ezc. If the nodes between
the source and the destination are regarded as the relay nodes that participate in the transmission, a
virtual multi-antenna system, referred to as cooperative diversity, could be built, which leads the
wireless ad hoc networks [1] being indispensable to the next generation broadband radio access
networks [2].

The efficiency of the cooperative diversity for wireless ad hoc networks [1,2] would be evaluated
by three aspects: (i) whether it achieves full diversity; (ii) whether it transmits symbols with maximum
rate; and (ii1) whether the receiver could exploit the decoder with both good performance and a lower
complexity [1,3].

However, synchronization is essential to most of relevant researches on cooperative diversity,
which violates the principle that the cooperative diversity is asynchronous since each relay is furnished
with different antennas, each terminal of which operates in its own local working frequency. This in
turn lets asynchronous cooperative diversity [4], an open research topic to deal with this problem, be
attracted the most attention.

Taking into account asynchronous characteristic of different mobile nodes, almost all of the
distributed space time codes can achieve full diversity [5—7]. However, a few of them give attention to
three all. Among them is the Alamouti space time transmission scheme (ASTTS) [7] that stems
from the ideas of orthogonal frequency division multiplexing (OFDM), time-reversion and
complex conjugation. Nevertheless, confined to Alamouti code structure, its diversity order is 2.
Previously, based on the quasi-orthogonal code structure in the Jafarkhani scheme [8], etc., a rotated
quasi-orthogonal space time block code (RQSTBC) [3] that provides both full diversity and maximum
rate was proposed for four transmit antennas. In this paper, based on the ideas in [3,7,8], we present a
RQSTBC asynchronous cooperative scheme, diversity order of which is 4. In contrast to the original
one in [7], our novel contribution constructs the frequency domain transmitted signals of the relay nodes
in terms of combining the quasi-orthogonal criterion originally proposed in [8] with time-reversion in [7].
The application of this idea lets the received signals at the destination turn on Jafarkhani code [8]
structure and thus guarantees both the maximum symbol transmission rate being 1 and fast
symbol-pair-wise ML decoder being used. Moreover, the source not only picks half of the symbols
from a signal constellation set and the other half of them from that constellation which is rotated with
the optimum angle and but also creates OFDM frames to make up for time delays of the signals. In this
way, the received signals at the destination take on RQSTBC with the Jafarkhani code structure. It is
this step that the proposed scheme can ensure full diversity.

Theoretical analysis and simulation results show that the performance of the proposed scheme is
superior to those of QSTBC scheme and ASTTS scheme. This is attributed to the higher diversity
order of the new scheme.

Throughout this paper we adopt the following notational conventions. Boldface capitals and lower-
case letters symbolize matrices and vectors, respectively, while ()" and ( )” represent the transpose and
Hermitian transpose, respectively. Furthermore, {( ) denotes the time-reversion of the signal, while ( )*
expresses the complex conjugation of the signal. Finally, det[ ] is the determinant of a matrix.
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2. System Model

Considering a cooperative communication system with a source S, a number of potential relays
R G=1,...,k, ..., M=2K (To achieve full diversity and full symbol transmission rate, it is necessary
that there are M = 4 relays in a two-hop cooperative communication system. Thus, there are only four
relays in this figure.)) and a destination D. Constrained by the transmitted power and the distance, the
data to be transmitted from the source node to the destination node have to be with the aid of the relay
nodes, the cooperative communication of which are divided into two phases. In Phase I, S broadcasts its
information to potential relays, and a destination D. In Phase II, S stops transmission, and potential
relays start to transmit. The configuration of a cooperative communication system is depicted in Figure 1.

Figure 1. The configuration of a cooperative communication system.

Phase 1 Phase 2

In this figure, each node is equipped with a single half duplex radio and a single antenna, while
hg R, and hRj p denote the channel coefficients which link the source node to the jth relay node and the

jth relay node to the destination node, respectively.

When all nodes work in an asynchronous cooperative communication mode, in a given time
interval, D(t), the equivalent received signal is the superposition of the signals, obtained from a
mapping from the M relays transmitted signals to the destination terminal, together with the white
noise as expressed by:

D(r)= f e, o s, (S(e+5))))+ () )

-1

[

where A R, and hRf , are defined above, fR/ represents a mapping performed by the jth relay node,

S(t) means transmitted symbol from the source node, and ¢; is the relative time delay of the signals
arrived at the destination node from the source node, n(7) is the additive white Gaussian noise (AWGN)
stochastic process with zero mean and unit variance at time t.

In order to obtain the most likely information transmitted from the source node, we apply the statistic
features of time delay among potential paths of relays. By doing that, the constraint of synchronization
is removed, and different kinds of asynchronous cooperative diversity scheme are also acquired.

Though asynchronous cooperative diversity can be achieved by asynchronous cooperative
transmission through not only adjusting the transmitted time delays among relay nodes to ensure that
the data are sent orthogonal but also enhancing the performance of the relevant receiver, this approach
can not guarantee obtain full diversity gain [4]. It is to further devise the distributed space-time coding
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schemes, based on asynchronous cooperative diversity, with both higher transmission rate and higher
diversity gain that serves as a motivation to write this paper.

With recent advances in space-time codes, more and more novelty achievements in this area have
been applied to construct asynchronous cooperative diversity schemes to improve the performance of
the distributed space-time coding schemes [5-7,9].

In [7], a scheme of the orthogonal frequency division multiplexing transmission combined with
Alamouti space-time coding is applied to achieve asynchronous cooperative diversity. However,
confined by the characteristic of Alamouti space-time coding, it has to use clusters to expand scale
while increasing the number of relay nodes, which adds the difficulty of coordination among relay
nodes. Meanwhile, the orthogonal complex signals with both full diversity gain and full symbol
transmission rate can be designed iff the number of antennas is two. Therefore, the transmission rate of
the asynchronous cooperative system, based on orthogonal space-time block codes, is less than one
when the number of the cluster nodes increases.

Fortunately, QSTBC can have a given asynchronous cooperative system to transmit with maximum
rate at the sacrifice of the orthogonal and part of diversity gain and would lead it to achieve the
maximum diversity gain smaller than four with the code rate being one.

Furthermore, if QSTBC is merged with the proper rotation factor in the manner of performing
rotation transformation on the modulated data symbols, a new system endowed with higher
asynchronous cooperative diversity gain is obtained. By doing that, the simple fast symbol-pair-wise
ML decoder can be exploited, which results in the proposed scheme with enhanced performances
considered in this paper.

3. Novel Asynchronous Cooperative Diversity Scheme

The proposed asynchronous cooperative communication system, based on RQSTBC, not only
embeds OFDM but also merges the proper rotation factor into QSTBC. In the first place, the source
selects half of the symbols from a signal constellation set and the other half of them from that
constellation which is rotated with the optimum angle, which guarantees determinant of the coding
gain distance (CGD) not being equal to zero and thus leads the diversity gain of the proposed scheme
to approximate the diversity order. Second, the cycle prefix (CP) of the OFDM, performed at the
source, is applied to compensate the timing delay of multi-streams (MS), which makes the signals
among MS asynchronous cooperative, which is then mapped into frequency domain QSTBC at the
relay nodes to ensure the full transmission rate as well as the full diversity. Finally, it implements the
fast symbol-wise ML decoder for the global optimum, corresponding to the transmitted data, with the
lower complexity. When it is applied to executing multi-hop communication, the working principle of
it can be stated as follows.

3.1. Forming Transmitted Signals

Let us consider a cooperative system with one source node, one destination node, and four relay
nodes, which communicates in bursts of length a frame over flat fading channels, the configuration of

which is depicted in Figure 1. First, the source generates a modulated symbol matrix
S:[sl,---,sk,---,s4] with s, =[5, ,,**»5,v] » where N is the length of a sequence of modulated
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symbols to transmitted during kth interval, independent entries of which are carved in manner of half
(k=1, 2) of them from Z, the concentric rings of complex integers, and the other half (k = 3, 4) of them
from e”Z, which means that Z is rotated with an angle ¢.

Subsequently, it performs N-point inverse discrete Fourier transform (IDFT) operation on s;s3 and
N-point discrete Fourier transform (DFT) operation on s»s4, respectively. Each yielding vector
S, =[5.0,""*»5 1" is appended by a cycle prefix (CP), which is composed of the last N, symbols of

the vector 3, , as a protection interval to form one of 4 OFDM frames X , expressed as:

i: [XI’ X2a X37X4]

EIN—NCP EZN—NCP ";3N—N£.p §4N—N[p_
_ Siv-i 85 v 83 n-1 Siv-i
S10 50 830 840
L Sin-1 Oy 83Nt Sy i 2)
—]DFT(SleNW )N—NCP DFT(s, N—NCP)N—NCP [DFT(S3N—NCP)N—NCP DFT(S4N—NCP )N—NCP_
_ IDFT (s )y DFT (s, )y IDFT (83 5_)y- DFT (84 y-)y-
IDFT (s,,), DFT(554), IDFT (s5), DFT(s44),
IDFT (8 y_1)y- DFT(8yy-1)y- IDFT (8551 v IDFT (84 y-1)y- |

Finally, the OFDM frames are broadcasted to the four relays. Note that here, we assume that the
length of a CP is N, that is larger than the maximum of the relative time delays of the signals arrived
at the destination from the source.

3.2. Mapping OFDM Frames into the Frequency Domain QSTBC

The k th frame equivalent low pass received signal of the jth relay corresponding to the sth OFDM
frame is expressed by:

Y, =hsp X, +1, (3)

where Y, = [V, (0, Y, (D, Y, (D], e =[n, (), o) -sny (DT (1<) <4, 1< k < 4,

L = N+ N) is the additive white Gaussian noise (AWGN) sample vector with each item being zero
mean and unit variance at the jth relay.

Each of the four frames of the received signal is allocated with the optimum power p (Here, the
optimum means that if the source transmits the signals with half the total power P and the relays
exploit the other half, the Chernoff bound on the pairwise error probability would be minimized [9].
Then, we assume that the transmitted power of source is P;, while the average transmitted power of
each relay is P, and let P, = 4P,. Therefore, we have p =.,/P, /(P +1) [7,9]). Thereafter, the resulting

signals are subtly reordered by the individual relay in such a way that the frequency domain
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transmitted signals 'Y, , its complex conjugation version and its time-reversion version act like QSTBC

in a multiple-antenna system, denoted by:

24 p¢(Y,,) PY; p&(Yy,)
-pY,, rs(Yy)  -pY,, ¢ (Ys5)
SpCOi) -pYi peYi) pYa @
pe(Yy) —-pYy, —pd(Y,,) 20

where {(Y()) =YL — 1) (j,k=1,2,3,4,1=0,...,L — 1) and Y(L) = ¥(0).
3.3. The Fast Symbol-Pair-Wise ML Decoder Searching the Global Optimum Signals

First, the destination strips off the CPs from four OFDM frames. Then, it shifts the last N, samples
of the N-point vector as the first N, samples to reconstruct the signals, which were manipulated by
the relays with the time-reversion. Subsequently, the received signals are performed by the N-point
DFT operation.

Second, due to the fact that (DFT(s))* = IDFT(s*), IDFT(s))* = DFT(s*), DFT(¢ (DFT{(s))) = s, we
can deduce the sufficient statistics with respect to the transmitted signals by representing the resulting
signals in terms of the (k,/) th entrys,, (1 <k<4,0</< N — 1) of the modulated symbol matrix S,
written by:

V, = [vl,l Vo1 Vs V4,1]: hS, +n

=T T 7 SIA S/B ~
=|h h, hy h . . |+Nn
1 2 3 41:_‘913 S]A

S Sy S31 Say

-, s, -8, S

_ 5 7 5, Sy * 2.1 LI 41 S3y

= [phwel th Pz hSthR2 » P/ hSR3 hR3 b P hSR4hR4 D * * * *
=S8, TSy S Sy ®))

Sqr TSz TSy Sy

PNG Ol + Ny @) [0, + Ny [y + Ny (Dl )+ (D)
p( 12(l)h}zD"'sz(l)f/(>l R, D"'N32(l)f1(32 Ry D +N42(l)flb3 )"H’l;(l)
;%AMM+MMM““ﬁMﬂm@&+Mﬂm%D%¢m
PNoa D+ Nos D) fi i+ Nog) P+ Ny S )+ D)

* * * *

=S S =S4 83y

S Sy 83 Sy . .
where S, , = and §,, = ,Njk(l) (1<j<4,1<k<4) lstheDFTOfnjk(l),

n, (1) is the AWGN at the destination with zero mean and unit variance for the /th symbol of the kth

OFDM frame, ]‘,5"" = N (where ¢; - | is the relative time delay of the jth relay with respect to

the first relay) denotes a phase drift in the frequency domain induced by the relative time delay in the
time domain among different relays. From (5), it can be seen that the matrix S; is of the Jafarkhani
structure QSTBC code, which endows the proposed scheme with maximum rate.

The ML decoder for signals in (5) selects the symbol matrix with respect to the transmitted signal
by minimizing the log of the likelihood function:
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S, =min|V, - hs,| 6)

Moreover, the quasi-orthogonality of the matrix S; simplified the optimum decision to express in
the following sum as:

min f(s,,,5,,)+ min S (855 85,)

St 054y S2,0 553

4 2
. ~ 2 2
= min Z h, qsu‘ +‘s4,l‘ )
S0 5a0 =1

+2 Re{ (— hvy, —hyv,, —hyvs, —hy,, )gu
~ . ~y ~x =%
+ (_ hlv4’] + hz V3’[ + h} v2,1 - h4vl,l )g4,1 }

waRel i i Rel 5,53, || )

4 2
. 2 2
+ mind| S| lsaf +]ss f)
s205 || 45 ’ ’

+2Re{ (v, — Iy, + vy, — vy, ) sy,
+ (h1 vyt =y —hyv,, )YSJ }
+4 Re{ —h"hy, +hyh }Re{sz,,sgil } }

h

n

This leads to the fast symbol-pair-wise ML decoder with a lower complexity but best performance.
Furthermore, we can find that it is due to the fact that the source selects half of the symbols from a
rotated signal constellation set that ensures the proposed scheme with det[(S =SS, - Sm)];t 0 for
any 0 </# m < N — 1, which, based on the analysis of [9], implies its diversity gain 4(1-loglogP/P),
approaching the diversity order 4 when the total power P is large. Meanwhile, if in the proposed
scheme, the source randomly picks up the symbols from a signal constellation set, the resulting scheme
is of QSTBC characteristic, that is to say, it cannot guarantee (S,—S, ) is full rank such that its
diversity order is smaller than 4. Similarly, it would be inferred that the ASTTS scheme obtains
diversity order 2. Since the diversity order determines the slope of the symbol error rate (SER) curve,
the performance of the RQSTBC scheme is superior to those of QSTBC scheme and ASTTS scheme,
which would be verified in our simulation in next section.

4. Simulation and Discussion

A simulation investigation is carried out to demonstrate the performance of the proposed scheme.
We use four cooperative schemes, i.e., three asynchronous transmission schemes (RQSTBC, ASTTS,
QSTBC), and one synchronous transmission scheme (decode forward quasi-orthogonal space time
(DQST) [3,7]). The simulation results are described in two aspects, i.e., the performance of RQSTBC
over a range of the rotation angles and the SER. Let us consider that, in a Rayleigh fading channel,
there is a two-hop system, shared by one source, one destination, and four relays except for ASTTS
where there are only two relays. The source employs the binary phase-shift keying modulation (BPSK)
and 4-ary quadrature amplitude modulation (4-QAM). Assume that N = 64, N, = 16 and the delay o'is
the integer which follows the uniform distribution in interval [0, 15].
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Figure 2 depicts the SERs of the RQSTBC scheme versus Eb/NO values over a range of rotation
angles, with the source using BPSK and 4-QAM, respectively.

Figure 2. (a) The SERs of the RQSTBC scheme versus Eb/NO, for the rotation angles
being equal to 1/8mw, 1/4n, 3/8n, and 1/27, with the source using BPSK (left). (b) The SERs
of the RQSTBC scheme versus Eb/NO, for the rotation angles being equal to 1/8mw, 1/4n,
3/8m, and 1/27, with the source using 4QAM (right).

0

SER
SER

0 5 10 15 20 25 30
Eb/NO (dB) Eb/NO (dB)

For the graphic clarification, not all of simulation results are shown. The optimal rotation
angles (Here, the optimal rotation angle means that if the source selects half of the symbols from
a constellation set rotated with this angle, the RQSTBC scheme would achieve the lowest
SER performance bound.), which are used for the other simulations, are 1/2z for BPSK, and 1/4 7 for
4-QAM, respectively. Moreover, let the CGD between a pair of code words

S S S31 Say Stk Sok S3e Sak
S5 s Sy, S S5 s Sy, S
RSN 1,0 T 94y 3,0 T 02k 1,k T O4k 3.k .
S, = X . . . | and S, = . . . .| from the RQSTBC in (5) be
=83 TS84 Sy Sy “S3p 0 TSax o Sk Sk
Sag TSz TSy Sy Sk TSk TS Sk

expressed by [10]:
CGD(S, ,S,) = det|(S, - S, )" (S, -8, )]

2 2
= Q(Sl,l —81) = (84, — 54,1()‘ + ‘(Sz,z =85+ (85, — S3,k)‘ )Z : (8)

2 2
Q(Sl,l =S ) +(S4 =Sy )‘ + ‘(Sz,z —854) — (83, =83 )‘ )2

If CGD

min

(@) represents the minimum CGD of the RQSTBC scheme, then, it could be found that
this minimum CGD is a function of ¢. Therefore, for a given constellation, to find an optima angle for
any transmission scheme with QSTBC as its relay method, based on the determinant criterion, is equal

to maximize CGD_. (#) among all possible rotations. Manipulated as the same way in [3], we would

min

derive the same results from (8), which are consistent with the results in [3].
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Figure 3 represents the SERs of four cooperative schemes versus Eb/NO, with the source using
BPSK, the rotation angle of which for the RQSTBC scheme is 1/27 and 4-QAM, the rotation angle of
which for the RQSTBC scheme is 1/4 7, respectively.

Figure 3. (a) The SERs of four cooperative schemes versus Eb/NO, with the source using
BPSK, the rotation angle of which for the RQSTBC scheme is 1/2 7z (left). (b) The SERs of
four cooperative schemes versus Eb/NO, with the source using 4QAM, the rotation angle of
which for the RQSTBC scheme is 1/4 7 (right).
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| | —©— RQSTBC
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The SER of the proposed scheme is not only a few orders of magnitude lower than those of the
ASTTS and the DQST but also lower than that of the QSTBC when the source uses BPSK. However,
when the source employs 4-QAM, the SER of the proposed scheme is somewhat higher than those of
the DQST and QSTBC when Eb/NO is lower. This is because in this circumstance, the symbol, which
is picked up from the rotated constellation, makes the destination more difficult to discern the truth.
But, when EB/NO is higher, the higher diversity order makes the proposed scheme achieve the best
performance. These conclusions also coincide with the results provided by [10] for the rotated QSTBC
at a scale factor since both of the proposed scheme and the ones in [10] are endowed with maximum
transmission rate and full diversity though the scenario for them to operate is far from each other.

Moreover, according to d,,, = S},}gm _lcigp(e%
—>00 0og

signal-to-noise ratio, we can discover that the diversity gain of the proposed scheme approximates

where P. is the bit error rate [11] and SNR is

diversity order 4 as the SNR increases. Again, it demonstrates that the proposed scheme has the
highest diversity gain. Its performance is superior to all other schemes considered in this context.
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5. Conclusions

A new space-time block code asynchronous cooperative scheme is proposed. The rotated
constellation is introduced to select half of transmitted signals at the source. The Jafarkhani structure
combined with time-reversion is then extended to constitute a virtual array with maximum rate as well
as full diversity. By doing that, the fast symbol-pair-wise ML decoder converges to the global
optimum rapidly, accompanied by a lower SER with no observable gain in complexity. Moreover, if
we assume that if the relays construct space-time block transmitted signals matrix in manner of the
Tirkkonen, Boariu, and Hottinen structure [12], the Papadias-Foschini structure [13] in a two-hop
cooperative communication system, we can generalize this system to universal RQSTBC systems with
maximum rate. Furthermore, if we let § ,m(sl, I sm) denote a m x m orthogonal matrix in complex
symbols s, s,,-:-, s, , we can extend the quasi-orthogonality matrix S; in (5) by Sp,, of size 2m x 2m

in complex symbols s,, s,, -+, s, , expressed as [10]:

S _ Sl A SIB
12m _ SI*B SI*A (9)
where S, , =S5, (sl, Syttt sm) and §,, = S,m(smH, LIPYRTIN s2m). Then, with the same method similar to

(4), we can generalize all RQSTBCs to be used in asynchronous cooperative systems. Meanwhile, the
propose scheme can be relatively straightforwardly applied to analyze and discuss those systems.
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